The conventional approach to vaccine development is based on dissection of the pathogen using biochemical, immunological and microbiological methods. Although successful in several cases, this approach has failed to provide a solution to prevent several major bacterial infections. The availability of complete genome sequences in combination with novel advanced technologies, such as bioinformatics, microarrays and proteomics, have revolutionized the approach to vaccine development and provided a new impulse to microbial research. The genomic revolution allows the design of vaccines starting from the prediction of all antigens in silico, independently of their abundance and without the need to grow the pathogen in vitro. This new genome-based approach, which we have named "Reverse Vaccinology", has been successfully applied for Neisseria meningitidis serogroup B for which conventional strategies have failed to provide an efficacious vaccine. The concept of "Reverse Vaccinology" can be easily applied to all the pathogens for which vaccines are not yet available and can be extended to parasites and viruses.
Introduction
Since its introduction 200 years ago, vaccination has prevented illness and death for millions of individuals every year. All available vaccines can be divided into two main categories: living and non-living vaccines. The first category uses live-attenuated organisms. These vaccines are able to induce a strong immune response, however, there is a possibility they can revert to the virulent form at any time. Differently, non-living vaccines are based on whole killed pathogens or components of them (subunit vaccines) as capsule, partially purified toxins or polysaccharides (Table  1) . These vaccines are very efficacious and allowed the control and, in some cases, the eradication of very important infectious diseases such as smallpox and polio, at least in industrialised countries.
The advent of modern molecular biology and microbiology techniques, as well as the increasing knowledge of the pathogenesis of many bacteria, introduced the first important innovation in the vaccines field. This approach gave rise to the production of subunit vaccines based on specific protective antigens. Two significant examples are the recombinant vaccine against Hepatitis B virus, based on highly purified envelope protein (Andre, 1990) , and the acellular vaccine against whooping cough, based on three highly purified proteins of Bordetella pertussis, including a genetically detoxified toxin (Greco et al., 1996; Pizza et al., 1989) .
All these conventional approaches to produce vaccines are based on the cultivation of the microorganism in laboratory conditions from which single components are isolated individually by using biochemical, microbiological and serological methods. Each antigen is produced in pure form either directly from the bacterium or using the recombinant DNA technology, and finally tested for its ability to induce an immune response. However, although successful in many cases, this approach presents several limitations. This approach needs to grow the pathogen in vitro, so it is not applicable to non-cultivable microorganisms, and in many cases the antigens expressed during infection are not produced in laboratory conditions. Moreover, the proteins that are most abundant and easily purified are not necessarily protective antigens and, in any case, only a few molecules can be isolated and tested simultaneously. In conclusion, this method can employ many years to identify a protective and useful antigen, and has failed to provide a vaccine against those pathogens that did not have obvious immunodominant protective antigens (i.e. capsule or toxins).
The genome era has completely changed the way to design vaccines. The availability of the complete genome of microorganisms combined with a novel advanced technology has introduced a new prospective in vaccine research. It is now possible to determine the complete genome sequence of a bacterial pathogen in a very few months at very low cost. In 1995, The Institute for Genomic Research (TIGR) published the first microbial complete genome sequence of Haemophilus influenzae (Fleischmann et al., 1995) . So far, approximately one hundred complete genomes of pathogens and nonpathogens are available, and more than 150 other microorganisms are being sequenced in various laboratories around the world (www.tigr.org/tdb).
As genome sequences become available, the ability to compare related bacteria, pathogens versus commensals of the same or related species and even bacteria with different or similar pathogenic profiles is providing basis for new concepts of bacterial pathogenesis. The commercial and medical importance of identifying genes that mediate microbial diseases make pathogens attractive candidates for genome-sequencing projects and the list of eubacterial genomes is now dominated by pathogenic species (Field et al., 1999) . The use of sophisticated bioinformatic tools is essential to unlock and interpret the huge amount of information contained in a microbial whole genome sequence (genomic mining). One of the most interesting applications of the genome analysis of pathogenic bacteria is the design of new vaccines and antimicrobial molecules. For the first time, the genome sequences represent an inclusive virtual catalogue of all the potential vaccine candidates from which it is possible to select the molecules that are likely more effective, regardless of their abundance, or if they are expressed in vivo or in vitro conditions. In fact, current computer programs allow to predict the function or the putative cellular localization of the newly-identified open reading frames (ORFs). This revolutionary approach to vaccine research has been named "Reverse Vaccinology" indicating that, differently from conventional vaccinology, the starting-point for vaccine design is the in silico analysis of the genome sequences and not longer the live bacterium (Rappuoli, 2000a) . However, even if bioinformatics could provide many information about the new potential vaccine candidates, the in silico analysis must to be supported by experimental data.
Genomic information is also used in conjunction with powerful technologies, for istance, in vivo expression technology (IVET), signature tagged mutagenesis (STM), DNA microarrays and proteomics (two-dimensional gel electrophoresis and mass spectrometry) in order to select experimentally new virulence factors or novel surfaceexposed antigens. All these fields, termed "Functional Genomics", provide us powerful tools to study the genome. Here we illustrate the application of functional genomics to vaccine research and in particular we describe the first example for which the reverse vaccinology approach has been applied to design a vaccine against the human pathogen Neisseria meningitidis serogroup B.
Genomic technologies for vaccine candidates discovery
Genome sequencing and in silico analysis DNA sequencing has become a completely automated, high throughput procedure. Basically, random overlapping libraries representing the complete genome in small fragments are prepared in plasmid vectors and the insert of each plasmid is sequenced. Random sequence is determined to an approximate 8-10 fold coverage of the genome. Sophisticated bioinformatic tools then compare the sequences and generate long sequence overlaps known as contigs (from contiguous sequence). After this procedure, the genome is usually found in a relatively small number of large contigs. Closure means filling in the gaps and involves libraries of larger fragments in lambda vectors and cloning of specific PCR products using primer sequences at the extremities of the contigs. The result is the complete genome in one continuous sequence.
Once the nucleotide sequencing is completed and the sequence assembled, potential ORFs are identified and used to search in the databases for homologies to genes having a known function in other organisms. In this way, functions are ascribed to ORFs and the sequence is annotated (Figure 1 ). Annotation can also be based on the predicted folding of putative proteins (Fischer and Eisenberg, 1997) , even if this is still a relatively insensitive Genome-Based Approaches to Vaccines Discovery 19 method given the limited knowledge on protein structure. For highly conserved gene products involved in fundamental cellular process, the assignment of function is relatively secure. However, in same cases, information from database searches can be potentially misleading. The computational software aims to assign a function to each gene. In the search for virulence genes, the most common approach is that of comparing predicted coding sequences with sequences present in databases using programs such as BLAST (Altschul et al., 1997) , which identify matches to known genes (Figure 1) . A variety of software packages are currently accessible to assign functions to genes and predict key features such as cellular localization, topology, molecular weight, pI and solubility.
The primary condition for a bacterial protein to be considered as an antigen is its cellular localisation. In fact, proteins restricted to the cytosolic compartment are not good immunological targets, whereas surface-associated or secreted proteins are more accessible to antibody binding and are therefore considered as possible targets for the immune system. Several computational methods are available to search for surface-associated or secreted proteins: PSORT is used for the prediction of protein sorting signals and localization sites in amino acid sequences (http://psort.nibb.ac.jp/); SignalP predicts the presence and location of signal peptide cleavage sites in amino acid sequences from different organisms, Gram-positive and Gram-negative prokaryotes, and eukaryotes (http://www.cbs.dtu.dk/services/SignalP/); TMpred program makes a prediction of membranespanning regions and their orientation (http:// www.ch.embnet.org/software/TMPRED_form.html). Other useful signatures for membrane-associated proteins is the presence of aromatic residues at the C-terminus of the proteins (Struyve et al., 1991) and the Leu(Ala/Val)-LeuAla(Ser)-Gly(Ala)-Cys motif at the N-terminus of lipoproteins (Hayashi and Wu, 1990) . Although much progress can be made in silico, the experimental approach is necessary to establish unambiguously the role of gene products in living bacteria.
Studying gene expression in vivo: STM and IVET
The search for virulence-associated factors of bacterial pathogens is considered to be a key step in vaccine discovery. A valuable way to study virulence factors is the use of in vivo experimental models. In the last five years, a variety of methods have been identified and described to isolate genes that are specifically induced during infection. These include STM and IVET (Chiang et al., 1999; Shea et al., 2000; Tang and Holden, 1999) . STM, developed by David Holden, is an approach based on random mutagenesis to identify genes required for in vivo survival (Hensel et al., 1995) , and therefore, a powerful tool for identifying potential virulence factors. This negative selection technique uses a collection of transposons, each one modified by the incorporation of a different DNA sequence tag of approximately 40 bp. In this way, each mutant can be recognized by the specific sequence present in the integrated transposon. Tagged mutants strains are pooled together and inoculated into an animal. After infection is established, bacteria are recovered from the infected animals and plated. Mutants that are attenuated will not be recovered from the animals. Comparison of tags that are present in the inoculum but absent from the recovered bacteria identifies attenuated mutants ( Figure  2A ).
There are two advantages of this approach for the design of novel vaccines. On the one hand, the technique potentially allows the identification of attenuated mutants that fail to cause productive infection and hence may be used as live vaccines. On the other, proteins identified as being essential for infection or disease are likely to be good candidates for subunit vaccines.
STM has been utilized to discover virulence genes from a large variety of bacterial species including Mycobacterium tuberculosis, Staphylococcus aureus, Salmonella typhimurium, Vibrio cholerae, Yersina enterocolitica (Chiang et al., 1999; Lehoux and Levesque, 2000; Perry, 1999; Shea et al., 2000; Tang and Holden, 1999 ) and more recently Streptococcus agalactiae and N. meningitidis . As an example, Sun et al used STM in conjunction with the two available complete genome sequences of meningococcus. Using an infant rat model of invasive infection, a library of 2850 insertional mutants of N. meningitidis was scored and 73 genes were identified that were essential for bacteraemia, many of which were of unknown function. In addition to eight known virulence genes (providing a validation of the method), 65 novel genes were found, none of which had previously been identified as essential to infection in vivo. Among these, 16 represented surface-expressed antigens that are now being evaluated as potential vaccine candidates.
IVET is a genetic system that positively selects bacterial genes that are specifically induced when bacteria infect their host (Mahan et al., 1993) . The IVET strategy requires a bacterial strain carrying a mutation in a biosynthetic gene that attenuates growth in vivo, for example, a purA auxotroph. The biosynthetic function, essential for growth in the host, is provided by a promoterless purA gene, in which fragments obtained from a random library of the pathogen's chromosomal DNA supply the missing transcription elements. The positively selected fusions are then sequenced to identify in vivoinduced genes ( Figure 2B ). This IVET method necessitates the existence of an attenuating and complementable auxotrophy, which may not be available in all microbial systems. However, alternative systems have been proposed based on reporter genes encoding resistance to antibiotics (Mahan et al., 1995) , or encoding the green fluorescent protein (gfp). This latter method is known as differential fluorescence induction, DFI (Valdivia et al., 1996; Valdivia and Falkow, 1997) . IVET technology has been successfully utilized to identify several virulence genes in different human pathogen such as Pseudomonas aeruginosa, S. typhimurium, Y. enterocolitica, V. cholerae and S. aureus (Chiang et al., 1999; Tang and Holden, 1999) . It is important to point out that both IVET and STM technologies have been applied before the advent of the genomic era. In fact, the previous knowledge of the genome sequence is not strictly necessary for their application. Once the mutants are selected, the regions flanking the insertions are sequenced and the inactivated gene is identified. However, both technologies greatly benefit from the availability of genome sequences since the identification of the inactivated genes can be carried out rapidly by sequencing only few nucleotides upstream and downstream from the insertions.
Microarray-based genomic technology and applications DNA microarray (or DNA microchips) is a recently developed genomic technology and is listed as one of ten breakthrough technologies in 1998, along with genomics. In the last few years, DNA microarray-based approaches have achieved rapid assent in a variety of fields to study the function of genes in the pathogenesis of infectious diseases. The theory and background of microarray technology have been described elsewhere by several excellent reviews (Brown and Botstein, 1999; Cheung et al., 1999; Lipshutz et al., 1999; Lockhart and Winzeler, 2000) . DNA microarray technology appears to be particularly attractive for the analysis of organisms with relatively simple genomes, as in the case of bacteria. DNA chips carrying the entire bacterial genome can be easily prepared, allowing whole genome expression analysis. Bacterial microarrays promise to be particularly helpful in new virulence gene hunting. The complex interaction between host and pathogen is now being explored using microarrays (Cummings and Relman, 2000; Kato-Maeda et al., 2001; Manger and Relman, 2000) . Virulence gene expression can be monitored by growing the pathogens in the appropriate in vivo models (cell cultures and/or animals) and, after recovering the bacteria for RNA preparation and labelling, the gene activity is analysed and compared with the expression of the genes under in vitro conditions. By following the pattern of gene expression at different times, it is possible to elucidate all of the host genes and those of the bacteria whose expression is modified (up-or downregulated) during host-pathogen interaction ( Figure 2C ) (Rappuoli, 2000b ). There are a few studies focused on host-pathogen interactions using DNA microarrays and they include the interactions between intestinal epithelial cells and Salmonella (Eckmann et al., 2000) , human promyelocytic cells and Listeria monocytogenes (Cohen et al., 2000) , and bronchial epithelial cells and Bordetella pertussis (Belcher et al., 2000) . However, these studies consider gene activation from the host perspective. Recently, the DNA microarrays technology has been applied to study the gene expression profile of the human pathogen N. meningitidis serogroup B during different stages of infection. The work by Grifantini et al (Grifantini et al., 2002) represents an example of the use of DNA microarrays to study gene regulation during interaction with human epithelial cells from a bacterial perspective and an indication of how this technology can be exploited in vaccine design (see below). In an independent work, Kurz et al analysed the transcriptional changes in N. meningitidis in a model system of three key steps of meningococcal infection. RNA was isolated from meningococci incubated in human serum as well as adherent to human epithelial and endothelial cells. With this approach, authors found a wide range of surface proteins, which are induced under in vivo conditions. These antigens could represent novel candidates for a protein-based vaccine for the prevention of meningococcal disease (Kurz et al., 2003) . The wholegenome view of microarrays makes them promising tools to identify candidate genes as targets for vaccine or drug development. However, because the results of pathogen gene expression and of host-pathogen interactions are influenced by the model system used, such results must be interpreted cautiously. In addition, expression data have limitations because mRNA levels may not reflect protein levels, and expression of a protein may not always have a pathological consequence (Gygi et al., 1999) . Consequently, traditional biological, pathology and toxicity studies remain necessary.
Another use of whole genome DNA microarrays is to compare the genomes of related bacteria (complete genome hybridisation or CGH). DNA microarrays containing the genome of one strain can be hybridised with total genomic DNA from different strains or related bacteria for which genome sequence data do not exist thus permitting the identification of genes present in one strain and absent in another (Ochman and Jones, 2000; Ochman and Moran, 2001; Schoolnik, 2002) . Recently, used this technique to compare the genomes of 22 strains of S. agalactiae (Group B streptococcus), comprising examples of all nine known serotypes, with the genome of a serotype V isolate of which they had determined the complete genome sequence. The analysis revealed a number of regions of the genome that are highly variable and, more importantly, those genes common to all strains. This latter group contains the best candidates for a vaccine capable to induce cross serotype protection .
Proteomics in vaccine design
With the availability of genomic sequences, the progress achieved in 2D-gel electrophoresis separation techniques and advances in mass spectrometry analysis means that it is now possible to separate, identify and catalogue the proteins expressed in a cell under several conditions. The entire set of proteins encoded by the genome has been defined as "proteome" (Grandi, 2001; Washburn and Yates, 2000) . In proteome analysis, a protein mixture (e.g. outer membrane preparations or whole cell lysates) is first resolved in its individual components using separation procedures. Once separated, each protein undergoes digestion with a specific protease to generate discrete peptide fragments of which the molecular masses can be accurately evaluated by mass spectroscopy. The experimental result is then compared with theoretical results expected for the same specific degradation of all predicted proteins from the genome sequence. In this way, the protein can be unequivocally identified as the product of a specific gene ( Figure 2D ). Physical analysis of the proteome permits the identification of proteins actually expressed in a particular compartment or under different conditions of growth. Recently, this approach has been used to identify novel bacterial vaccine candidates against several human pathogens. As an example, we report here a few applications. Analysis of the proteome of the membrane compartment is a more direct way to identify potentially surface-exposed proteins and thus vaccine candidates. An analysis of the membrane compartment of Helicobacter pylori has identified a number of potential vaccine candidates currently awaiting testing in animal models (Chakravarti et al., 2000) . Proteome analysis of the outer surface proteins of the human pathogen S. agalactiae allowed the discovery of novel surface proteins. Sera, raised against some of these proteins, were protective in a neonatal-animal model system against a lethal dose of bacteria. Hence novel potential vaccine candidates against S. agalactiae were identified (Hughes et al., 2002) . Grandi and colleagues have recently combined genome mining and proteome technologies to identify surface-exposed antigens of Chlamydia pneumoniae (Montigiani et al., 2002) . The authors identified 157 putative surface-exposed proteins by in silico analysis of the pathogen genome. They then used recombinant forms of these proteins expressed in E. coli to raise antisera that were used to assess surface location by flow cytometry. Finally, 2D gel electrophoresis and mass spectroscopy were used to confirm the expression of the antigens in the elementary body phase of development. The result of this systematic genome-proteome combined approach represents the first successful effort to define surface protein organization of C. pneumoniae and opens the way to the selection of suitable components for a novel vaccine. Finally, proteome comparisons are likely to become progressively more important for the study of bacterial pathogenesis: comparison of virulent strains of a pathogen with non-virulent or commensal strains of the same bacteria should permit the identification of proteins involved in virulence (Jungblut et al., 1999) .
Reverse Vaccinology: MenB
The first example where the genome has been successful applied for the identification of potential vaccine candidates is the case of the human pathogen N. meningitidis serogroup B (MenB). In the last four decades efforts have not been sufficient to deliver an effective and universal vaccine against MenB, a major cause of meningitis and sepsis in children and young adults. Conjugate vaccines based on the capsular polysaccharide are available for pathogenic N. meningitidis serogroups A, C, Y and W135. In the case of MenB the capsular vaccine approach cannot be used as its capsule is chemically identical to α 2-8 linked polysialic acid present in human tissue, is poorly immunogenic, and is a potential cause of auto immunity. 
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To identify novel vaccine candidates against MenB, Pizza et al applied reverse vaccinology . Briefly, the sequence of the virulent strain MC58 was determined by the shotgun strategy and while the sequencing was still in progress, the unassembled DNA fragments were analysed to identify the ORFs. Using computer prediction programs 600 surface-exposed or secreted antigens were identified. Of the predicted antigens, 350 were successfully expressed in E. coli, purified and used to immunize mice. The antisera obtained were tested by FACS and ELISA to evaluate the surface localisation of the antigens in MenB. In addition, the antisera were tested for bactericidal antibodies, a property known to correlate with protection in humans. Ninety-one novel surface-exposed antigens were identified, 28 of which induced bactericidal antibodies (Figure 3) . Several of the antigens previously identified using conventional approaches showed strain variability or were only expressed in some strains, and most of them were effective only against the homologous strains. Therefore, the potential vaccine candidates identified were evaluated for degree of sequence variability among multiple isolates and serogroups of N. meningitidis, three strains of N. gonorrhoeae, as well as one strain each of N. cinerea and N. lactamica. The MenB antigens identified by the genome analysis are quite different from those identified using the conventional approaches. The majority of them are present in all strains tested and are conserved in sequence. Many of the newly-identified MenB antigens in fact include surface-exposed protein or lipoproteins with a globular structure and without membrane spanning domains and many of them are not abundant on the bacterial surface. Reverse vaccinology has identified more vaccine candidates as compared to those identified during the previous 40 years. These potential vaccine candidates, able to induce a broad strain coverage, are under evaluation and some of these antigens are likely to enter into development.
In a subsequent study Grifantini and co-workers (Grifantini et al., 2002) , using DNA microarray technology to follow gene regulation of MenB during interaction with human epithelial cells, identified 12 adhesion-induced surface antigens, five of which were able to induce bactericidal antibodies. The pioneering reverse vaccinology study by Pizza et al did not identify these potential vaccine candidates. The study by Grifantini et al therefore shows that DNA microarray technology is able to identify vaccine candidates and complement other genome mining strategies. Grifantini et al observed that host-cell contact induced changes in the expression of 347 genes of which more than 30% encoded for proteins with unknown function. In addition, several of the upregulated genes encoded for peripherally located proteins, suggesting that cell contact promoted a reorganization of the cell membrane. The researchers confirmed this data by FACS analysis on adhering bacteria using the mouse antisera against 12 adhesion-induced proteins. The example of MenB provides the first demonstration of the potential and use of functional genomics to expand and accelerate the development of a vaccine.
In the last two years several groups have followed the footsteps of MenB, utilizing the approach of reverse vaccinology/functional genomics to identify new vaccine candidates . Pathogens that have been studied include S. pneumoniae (Wizemann et al., 2001) , S. aureus (Etz et al., 2002; Vytvytska et al., 2002) , C. pneumoniae (Montigiani et al., 2002) , Porhyromonas gingivalis (Ross et al., 2001) , Edwardsiella tarda (Srinivasa Rao et al., 2003) , and M. tuberculosis (Betts, 2002) .
The availability of the genome allows the discovery of previously unknown and undescribed proteins. However, genome projects risk becoming an extensive collection of information. Therefore, it is important not only to explore the potential as vaccine candidates, but also to evaluate their role and function in pathogenesis. Many of the antigens identified in MenB share homology with known virulence factors and here we describe the characterisation of several of the antigens identified, from the biochemical and functional point of view.
App: a new adhesin of N. meningitidis. NMB1985, named Adhesion and penetration protein (App) (Hadi et al., 2001) , is highly homologous to the Haemophilus adhesion and penetration protein (Hap) of H. influenzae. Both Hap and App belong to the autotransporter family that comprises proteins from Gram-negative bacteria characterized by a distinct mechanism of secretion. App protein is exported to the outer membrane, cleaved and released in the culture supernatant. App protein has been functionally characterized very recently, using E. coli as an expression system. These studies have demonstrated that App has a serine protease activity: mutation of S267 to Alanine abolishes processing and secretion of App, which remains cell-associated. Moreover, App is an adhesin able to bind to human epithelial but not to endothelial cells. Deletion of the app gene in a virulent serogroup B capsulated strain significantly reduces its adherence capability compared to the wild type strain. The results provide evidence that App is a new adhesin, which may play a role in N. meningitidis colonization of the nasopharyngeal mucosa .
GNA1870: a novel lipoprotein as vaccine candidate. GNA1870, a 26,9 kDa lipoprotein, has been detected on the surface of meningococci by FACS analysis and western blot on outer membrane vesicles. Analysis of the expression of different strains has shown that proteins are expressed at different levels in the different strains that have been therefore classified as high, intermediate and low expressors. The gene is present in all strains analysed and the sequence analysis has shown that it is present as three variants, namely variants 1, 2 and 3. Amino acid identity between variant 1 and variant 2 is 74.1%, between variant 1 and variant 3 is 62.8%, and 84.7% between variant 2 and variant 3. Sequences within each variant are wellconserved, the most distant showing 91.6%, 93.4% and 93.2% identity to their type strains, respectively. The protein is able to induce antibodies with high bactericidal activity against each strain carrying the same variant even when the amount of protein expressed is low. The activity is low or absent against strains of the other variants. Furthermore, antibodies are able to induce protection in the infant rat model (Masignani et al., 2003) .
NadA: a new adhesin vaccine candidate. NadA (Neisseria adhesin A, NMB1994) is homologous to YadA of enteropathogenic Yersinia, (Hoiczyk et al., 2000) and to UspA2 of Moraxella catarrhalis, (Lafontaine et al., 2000) . While sequence homology is limited to the carboxyl terminal region, an overall similarity can be observed at the level of the secondary structure (Comanducci et al., 2002) . The three proteins have an amino-terminal domain, an internal alpha-helix region with high coiled-coils probability and a carboxyl terminal membrane anchor domain. In meningococcus, NadA forms very stable high molecular weight oligomers anchored to the bacterial outer membrane. Furthermore, nadA gene is present in three out of four hypervirulent lineages clustering into three wellconserved alleles. NadA is able to bind to human epithelial cells in vitro. The predicted secondary structure and the ability of the purified protein to interact with the host cells, suggest that NadA could belong to a novel class of adhesins with YadA and UspA2. Finally, antibodies obtained against the recombinant protein, are able to induce a complementmediated killing of both homologous and heterologous strains, suggesting that NadA could be a good candidate for a vaccine against meningococcus.
GNA33: a murein lytic transglycosylase. GNA33 (Genomederived Neisseria Antigen) is a lipoprotein homologous to a membrane-bound lytic transglycosylase (MltA) of E. coli (33% of identity). Biochemical characterization of the recombinant protein, expressed and purified from E. coli, showed that GNA33 is able to degrade both insoluble murein sacculi and unsubstituted glycan strands. The results confirmed that GNA33 is a lytic transglycosylase with muramidase activity (Jennings et al., 2002) . The recombinant protein elicits bactericidal antibody by mimicking a surface-exposed epitope of porin A (PorA) and confers passive protection against bacteremia in an infant rat model. GNA33 and PorA share a common short motif (QPT), localised in the loop 4 of PorA, that is necessary but not sufficient for binding (Granoff et al., 2001) .
GNA992: a putative adhesin. GNA992 is a surface-exposed protein able to induce bactericidal antibodies. The protein is homologous to Hsf and Hia (58% and 50%, respectively), two adhesins of H. influenzae. The high level of amino acid similarity of GNA992 with Hsf and Hia, and the similar structures of the three proteins, suggest that they could have a common role in the adhesion process. The three proteins have a conserved secondary structure and present a modular organization with a different number of repeats. These repeat units have a conserved motif that is present also in other adhesive molecules of H. influenzae as well as in human proteins belonging to the family of cell adhesion molecules (CAMs). The analogy between GNA992 and CAM could suggest a common mechanism of action; therefore, GNA992 could mediate the adhesion of meningococcus to human cells by mimicking the cellcell interaction process (Scarselli et al., 2001) .
Conclusions
Genomics has introduced a new paradigm in approaches to vaccine research and bacterial pathogenesis. To date, more than one hundred genome sequences are available (www.tigr.org/tdb). The recent advances in bioinformatics, experimental techniques as well as powerful technologies (proteomics and microarray), have unravelled valuable information. Moreover, several positive results, recently obtained with meningococcus and other microorganisms, show that functional genomics could be a solution to identify new vaccine candidates. In conclusion, the application of functional genomics to all those pathogens where conventional approaches have failed, could provide new impulse in vaccine research and development.
